Gawenis LR, Bradford EM, Alper SL, Prasad V, Shull GE. AE2 Cl Ϫ /HCO 3 Ϫ exchanger is required for normal cAMP-stimulated anion secretion in murine proximal colon. Am J Physiol Gastrointest Liver Physiol 298: G493-G503, 2010. First published January 28, 2010 doi:10.1152/ajpgi.00178.2009.-Anion secretion by colonic epithelium is dependent on apical CFTR-mediated anion conductance and basolateral ion transport. In many tissues, the NKCC1 Na
anion exchanger; bicarbonate; ion transport ANION SECRETION BY INTESTINAL epithelial cells is required for maintenance of the appropriate fluidity and pH of the luminal contents. Electrogenic secretion of Cl Ϫ and HCO 3 Ϫ in response to cyclic nucleotides depends largely on the cystic fibrosis transmembrane conductance regulator (CFTR) (9) ; however, net CFTR-mediated anion secretion across the apical membrane requires a supply of Cl Ϫ and HCO 3 Ϫ and sensitive mechanisms to maintain cell volume, intracellular pH, and membrane potential. Unlike transport processes in the apical membrane, where CFTR is the dominant mechanism for anion secretion, the basolateral ion transport processes that support anion secretion appear to involve a number of different transporters.
During HCO 3 Ϫ secretion by intestinal epithelia, HCO 3 Ϫ is taken up across the basolateral membrane by one or more Na ϩ /HCO 3 Ϫ cotransporter (NBC) isoforms (5, 30) and additional HCO 3 Ϫ is generated via spontaneous and catalyzed hydration of CO 2 (13, 37) . Studies using NBCe1 Na ϩ /HCO 3 Ϫ cotransporter (Slc4a4)-null mutant mice showed that NBCe1 can contribute to HCO 3 Ϫ secretion in the proximal colon when carbonic anhydrase activity is inhibited and provided evidence for additional HCO 3 Ϫ uptake by both 4-acetoamido-4=-isothiocyanato-2-2=-stilbene disulfonic acid (SITS)-sensitive and SITS-insensitive mechanisms (20) . For electrogenic Cl Ϫ secretion, basolateral uptake of Cl Ϫ is supported in large part by the NKCC1 Na
Ϫ cotransporter (Slc12a2) (18, 27 ). An additional source of Cl Ϫ for secretion, involving a SITSsensitive Cl Ϫ uptake mechanism, has been identified in adult mouse duodenum following either gene-targeted deletion or acute inhibition of NKCC1 (50) . The SITS sensitivity and other characteristics of the alternative basolateral Cl Ϫ uptake mechanism in duodenum suggest that it involves the AE2 Cl Ϫ /HCO 3 Ϫ exchanger (Slc4a2), possibly operating in concert with a Na ϩ /HCO 3 Ϫ cotransporter (50) . Observations from other epithelial tissues indicate that AE2 also functions in concert with basolateral Na ϩ /H ϩ exchange to support anion secretion. For example, defective gastric HCl secretion occurs in mice lacking either AE2 (23) or the NHE4 Na ϩ /H ϩ exchanger (22) , suggesting that coupling of these transporters may contribute to Cl Ϫ secretion in gastric parietal cells (22) . Also, Cl Ϫ loading of parotid acinar cells during stimulated anion secretion is mediated by both Na ϩ -K ϩ -2Cl Ϫ cotransport and Cl Ϫ /HCO 3 Ϫ exchange (48) . Cl Ϫ secretion is reduced in parotid acinar cells of mice lacking either NKCC1 or the NHE1 Na ϩ /H ϩ exchanger, indicating that both transporters contribute to Cl Ϫ secretion (17, 41) . AE2 activity and expression is increased in parotid glands of NKCC1-null mice (17) , suggesting that the coupled activities of AE2 and NHE1 contribute to Cl Ϫ uptake for secretion across the apical membrane (41) .
Despite high levels of AE2 in proximal and distal colon (2, 51) , where it is expressed in basolateral membranes (2) , and suggestive evidence that it supports anion secretion in some intestinal segments (50) , direct evidence that AE2 plays a major role in anion secretion in colon or in any other segment of the intestinal tract is lacking. Thus, to test the hypothesis that AE2 contributes to anion secretion in colon, we measured indexes of anion secretion in proximal colon of a mouse model carrying a targeted disruption of the AE2 gene (23) . The results suggest that under physiological conditions anion secretion in the proximal colon is supported by both NKCC1 and, to a lesser degree, the coupled activities of AE2 and NHE1. When AE2 is absent, however, the amount of secretion supported by NKCC1 is elevated and the capacity for HCO 3 Ϫ secretion is reduced.
MATERIALS AND METHODS
Mice. The development of mice with targeted disruption of the Slc4a2 gene encoding the AE2 Cl Ϫ /HCO 3 Ϫ exchanger has been described previously (23) . Heterozygous breeding pairs maintained on a mixed 129SvEv/Black Swiss background were used to generate homozygous wild-type (WT) and AE2 Ϫ/Ϫ animals. AE2 Ϫ/Ϫ pups exhibit multiple severe phenotypes including poor survival and growth retardation. Furthermore, AE2
Ϫ/Ϫ mice are not produced in normal Mendelian ratios (11% of pups observed vs. 25% expected from heterozygous matings), and ϳ50% of these pups die in the first 12 days of age (23). Nevertheless, it was possible despite these problems to obtain significant numbers of 14-to 17-day-old animals for study of proximal colon ion transport physiology. All offspring were genotyped by using the following primers: forward, 5=-CAG-CACTCCTGCAGATGGTAGAG-3=; reverse, 5=-CCAAAGGTGAT-GGCAGGAGAC-3=; and Neo 3=, 5=-CTGACTAGGGGAGGAGTA-GAAGG-3=. The forward and reverse primers were derived from codons 655-661 and 716 -723, respectively, and the Neo 3= primer is derived from the promoter for the neomycin resistance gene (23) . For all studies, age-matched WT littermates were used as controls. All experimental protocols were approved by the University of Cincinnati Institutional Animal Care and Use Committee.
Histological analysis and pH measurements of intestinal contents. Segments of the intestinal tract of mice ϳ18 days old (n ϭ 3) were processed and stained with Alcian blue and periodic acid-Schiff as described previously (6) . With this procedure, acidic mucins stain blue and neutral mucins stain magenta. Images were taken on a Zeiss Axioskop using an Axiocam MRc5 camera.
To determine relative differences in the pH of intestinal contents, the contents of segments of the intestinal tract (whole small intestine, cecum, and colon divided into proximal and distal halves) were mixed with 1 ml of water, and the pH was measured.
Bioelectric measurements. Mice (14 -17 days old) were euthanized by asphyxiation in 100% CO 2 followed by a bilateral thoracotomy to induce pneumothorax. Mice with evidence of morbidity or poor feeding were not used in these experiments. The proximal colon was removed and placed in an oxygenated, ice-cold Ringer solution containing indomethacin (1 M). The proximal colon was opened along the mesenteric border and the muscle layers underlying the mucosa were removed by sharp dissection prior to being mounted in standard Ussing chambers (0.1-cm 2 exposed surface area). The mucosal and serosal surfaces of the colonic sections were independently bathed in 4 ml of Krebs-bicarbonate Ringer solution (in mM: 115 NaCl, 25 NaHCO 3 Ϫ , 0.4 KH2PO4, 2.4 K2HPO4, 1.2 CaCl2, 1.2 MgCl2, 10 glucose, pH 7.4) which was gassed with 95% O2 and 5% CO2 in a gas-lift recirculation system and warmed to 37°C by use of waterjacketed reservoirs (10, 24) . For anion substitution experiments, gluconate and N-[Tris(hydroxymethyl)methyl]-2-aminoethane-sulfonic acid were substituted for Cl Ϫ and HCO 3 Ϫ , respectively, on an equimolar basis. In addition, during HCO 3 Ϫ substitution experiments, the mucosal and serosal surfaces of all tissues were treated with the carbonic anhydrase inhibitor acetazolamide (100 M) and the HCO 3 Ϫ -free solution gassed with 100% O2. Indomethacin (1 M) was added to both the mucosal and serosal baths to prevent endogenous generation of prostanoids and the serosal surface was exposed to tetrodotoxin (0.1 M) to minimize variations in the intrinsic neural tone (7, 10, 44) . All tissues were pretreated with 50 M amiloride (mucosal) to inhibit epithelial Na ϩ channel activity (45) . Stimulation of intracellular cAMP was induced by treatment of the mucosal and serosal surfaces of the colon with 10 M forskolin and 100 M 3-isobutyl-1-methylxanthine (IBMX). Bumetanide (100 M) was used to inhibit NKCC1 and 1 mM SITS was used to inhibit AE2 and SITS-sensitive NBC activities. Readings for ⌬ transepithelial short-circuit current (I sc) measurements were taken 15 min (for bumetanide) or 10 min (for SITS) after drug addition. NHE1 was inhibited with 1 M 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) in the serosal bath at the start of the experiment in which it was used. For all experiments, the final concentration of DMSO and ethanol (used as carriers for nonwater soluble drugs) in the bath Ringer was maintained at or below 0.1%.
An automatic voltage clamp (VCC-600, Physiologic Instruments, San Diego, CA) was used to measure I sc (reported as A/cm 2 tissue surface area) by utilizing calomel electrodes connected to the chamber baths by 3% agar-3 M KCl bridges, as previously described (11) . The I sc was applied through 3% agar-Krebs-bicarbonate-Ringer bridges which connected Ag-AgCl electrodes to the chamber baths. A 5-mV pulse was passed across each tissue at 5-min intervals during the experiment to determine the transepithelial conductance (G t, reported in mS/cm 2 tissue surface area). The magnitude of the current deflections to the applied voltage were measured, and G t was calculated by Ohm's law. All experiments were performed under short-circuited conditions with the serosal bath serving as ground. Data were compared by a two-tailed unpaired Student's t-test assuming equal variances. A probability value of P Ͻ 0.05 was considered statistically significant. All values are reported as means Ϯ SE.
Microarray and PCR analyses. RNA samples were isolated from colon of 2-wk-old AE2 Ϫ/Ϫ mice and wild-type controls (n ϭ 5 mice of each genotype). RNA extractions were performed by using TRI Reagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's protocol with one extra extraction and two extra precipitation steps. Microarrays spotted with 70-mer oligonucleotides were hybridized with cDNA samples labeled with Cy3 and Cy5 fluorophores by the University of Cincinnati Genomics and Microarray Laboratory core facility, and statistical analyses of the resulting data were performed exactly as previously described (6) . The data and experimental details have been deposited in GEO (#GSE19075). Quantitative RT-PCR was performed on cDNA generated by reverse transcription of 4 g of total RNA using oligo(dT) and Superscript II reverse transcriptase. The cDNA was diluted fourfold in water, and 2 l was used in a 25-l final reaction volume with primer concentrations of 500 nM. Primers from the indicated references were used to analyze expression of mRNAs for Slc4a3 (4), Slc4a4 (4), Slc4a5 (4), Slc4a7 (4), Slc13a1 (34), carbonic anhydrase 1 (40), carbonic anhydrase 2 (40), carbonic anhydrase 4 (40), carbonic anhydrase 13 (40) , Trpv6 (47), Clca3 (8) , and Kcne3 (39) . A DNA Engine Opticon II (MJ Research) thermocycler and iQ SYBR Green (Bio-Rad) were used to run the reactions. Samples were run in duplicate and mean values were normalized to the expression of L32 ribosomal subunit mRNA.
Western blot analysis. Whole tissue homogenates of proximal colons isolated from 2-wk-old WT and AE2 Ϫ/Ϫ mice were used for Western blot analysis. For analysis of NKCC1 and carbonic anhydrase expression, samples were prepared by powdering in liquid nitrogen and homogenizing in 20 mM HEPES, 10 mM KCl, 1 mM EDTA, 1 mM DTT, 0.2% Nonidet P-40 (NP-40), and 10% glycerol containing protease and phosphatase inhibitors (NaF, 50 mM; cantharidin, 20 ng/ml; Na3VO4, 0.1 mM). Isolated protein samples were boiled for 10 min to disrupt any homodimers of NKCC1, resolved by electrophoresis on a reducing sodium dodecyl sulfate 8% polyacrylamide gel, and transferred to nitrocellulose. The blots were incubated overnight at 4°C with an anti-NKCC1 antibody (T4, 1:3,000 dilution; Developmental Studies Hybridoma Bank, University of Iowa), an anti-carbonic anhydrase 2 (Car2) antibody (1:500 dilution; Santa Cruz, CA; cat. no. sc-17246), or an anti-carbonic anhydrase 3 (Car3) antibody [1:5,000 dilution; generous gift of Dr. Geumsoo Kim, National Institutes of Health/National Heart, Lung, and Blood Institute (NIH/ NHLBI)] (32). An anti-actin antibody (1:4,000 dilution; Sigma, St. Louis, MO) was used as a loading control. The primary antibody was followed by an horseradish peroxidase-conjugated secondary antibody (1:7,500 dilution; Kirkegaard & Perry Laboratories, Gaithersburg, MD). SuperSignal West Pico Reagent (Pierce, Rockford, IL) was used to develop chemiluminescence and autoradiography was performed. Densitometric analysis was carried out with an HP scanner and Imagequant Software (version 5.1).
For analysis of AE2 and anion exchanger isoform 3 (AE3) protein expression, proximal colons were excised from 2-wk-old WT and AE2 Ϫ/Ϫ mice and rinsed in ice-cold 1ϫ PBS (pH 7.4). The epithelial layers were separated from the muscle layers by scraping, pulverized in liquid nitrogen, and then homogenized with a glass homogenizer at 4°C in buffer containing 10 mM Tris (pH 7.4), 0.25% NP-40 plus protease, and phosphatase inhibitor cocktails (P8340 and P5726, Sigma). Total brain homogenates from WT mice were prepared in the same buffer by using a Polytron homogenizer. Immunoblots were carried out as described above, with 40 g of colon tissue homogenates or 30 g of brain homogenates. Membranes were probed with the SA6 antibody against COOH-terminal amino acids 1224 -1237 of mouse AE2 (2, 23) , the SA8 antibody against the COOH-terminal amino acids 1216 -1227 of human AE3 (52), which is conserved in mouse, and anti-actin as a loading control.
RESULTS

Impaired health and survival of AE2-null mice necessitates
analysis of secretory function before weaning. As noted previously (23), AE2-null mice exhibited poor survival, growth retardation, and evidence of dehydration. Although they did not exhibit overt diarrhea (data not shown), the contents of the ceca and colons of AE2 Ϫ/Ϫ mice often appeared to have greater fluid content with numerous gas bubbles than that of WT mice ( Fig. 1, A and E) . This was not a consistent feature, however, and fecal pellets can form in distal colon of AE2-null mice. Despite their small size and poor health, small intestine (data not shown), cecum, and colon of AE2 Ϫ/Ϫ mice ( Fig. 1 , F-H) appeared relatively normal histologically compared with WT tissues (Fig. 1 , B-D), although there was a possible reduction in the number of mucous cells in distal colon of some AE2 mutants (compare Fig. 2 
, D and H). pH of the luminal contents of AE2
Ϫ/Ϫ small intestine, cecum, and proximal colon was significantly elevated relative to WT controls ( Fig. 2 ) and was slightly, but not significantly, elevated in distal colon. Because few AE2 Ϫ/Ϫ pups survive to weaning, studies of secretory function in the proximal colon were confined to pups between 14 and 17 days of age. At the time of euthanasia, null mutant mice exhibited variable feeding rates (as evidenced by the intestinal contents); however, all AE2 Ϫ/Ϫ pups used for these studies were active and appeared to be ingesting solid food.
In the experiments below, segments of proximal colon were mounted in Ussing chambers, and both basal and cAMPstimulated anion secretion was analyzed by using solutions containing Cl Ϫ and HCO 3 Ϫ , Cl Ϫ alone, or HCO 3 Ϫ alone. To assess the relative contributions of basolateral transport activities that are thought to support cAMP-stimulated anion secretion, bumetanide was used to inhibit the NKCC1 Na-K-2Cl cotransporter, followed by the stilbene disulfonate SITS, which ) colon from 17-to 18-day-old mice (n ϭ 3 each genotype) were suspended in water and the pH was measured. AE2 Ϫ/Ϫ small intestine, cecum, and proximal colon had significantly more alkaline contents compared with WT controls (*P Ͻ 0.05).
is a relatively nonspecific inhibitor of Cl Ϫ and HCO 3 Ϫ transporters such as AE2 and NBCe1 (Slc4a4); in some experiments, EIPA pretreatment was used to inhibit NHE1-mediated Na ϩ /H ϩ exchange. Transepithelial conductance, a measure of paracellular permeability, did not differ significantly between the AE2 Ϫ/Ϫ and WT colons in any of these experiments. Anion secretion in AE2-null proximal colon exhibits greater dependence on NKCC1. Basal anion secretion in the presence of physiological concentrations of Cl Ϫ and HCO 3 Ϫ did not differ significantly between WT (Fig. 3A) and AE2
Ϫ/Ϫ (Fig. 3B ) proximal colons. Addition of a cocktail of 10 M forskolin and 100 M IBMX to increase intracellular cAMP resulted in rapid stimulation of the I sc in both tissues, followed by a decline to plateau currents (measured 20 min after cAMP stimulation) of similar magnitude in both genotypes. However, AE2 Ϫ/Ϫ proximal colons exhibited a more rapid decline in the I sc after maximal stimulation (compare Fig. 3, A vs. B) and addition of bumetanide to the serosal bath caused a greater decrease in the I sc in AE2 Ϫ/Ϫ proximal colon compared with WT tissue (Fig. 3C) , indicating approximately twofold greater dependence on NKCC1-mediated Na-K-2Cl cotransport in AE2-null colon. Immunoblot analysis of NKCC1 revealed a modest, though nonsignificant, increase in NKCC1 protein levels in AE2 Ϫ/Ϫ colon (Fig. 4) , suggesting that the increased activity was not dependent on expression changes. Subsequent addition of SITS to the serosal bath reduced I sc in both WT and AE2 Ϫ/Ϫ proximal colon (SITS , Fig. 3C) ; however, the decrease in I sc in response to addition of SITS was significantly less in AE2 Ϫ/Ϫ colon, consistent with the absence of AE2. The differences in the mean values of residual I sc , i.e., the portion of the cAMPstimulated I sc remaining after treatment with bumetanide and SITS, were not statistically significant; however, when expressed as a percentage of plateau current (41.1 Ϯ 5.2% in WT, 25.0 Ϯ 1.6% in AE2-null), the reduction in residual current in AE2 Ϫ/Ϫ colon was statistically significant. Upregulation of an alternative basolateral Cl Ϫ /HCO 3 Ϫ exchanger has the potential to provide an additional Cl Ϫ uptake mechanism that might partially compensate for the loss of AE2. To assess this possibility, proximal colon samples were analyzed to confirm the loss of AE2 protein expression and to determine whether expression of AE3 (Slc4a3), which is expressed at significant levels in basolateral membranes in human colon (3), but at only low levels in rodent colon (33) , was upregulated in AE2 Ϫ/Ϫ colon. As expected, AE2 protein expression was absent in colon epithelial samples from AE2 Ϫ/Ϫ mice (Fig. 5A ). In contrast to the high levels of AE3 expression in brain of WT mice, AE3 was not expressed at detectable levels in colonic epithelium of either WT or AE2 Ϫ/Ϫ mice (Fig. 5B) . Analysis of isolated epithelial and muscle layers from WT colon revealed AE2 expression primarily in the epithelium, with possible low levels of AE3 in the muscle layer (Fig. 5C) .
Anion secretion in wild-type colon can switch rapidly to dependence on NKCC1. Differences in inhibitor sensitivity of the cAMP-stimulated I sc indicated that anion secretion in the AE2 Ϫ/Ϫ proximal colon is dominated by NKCC1-dependent Cl Ϫ secretion and that this activity can largely compensate for the loss of AE2. This could result from either long-term adaptation in AE2-null colon, with greater reliance on NKCC1, or flexibility in the use of these basolateral Cl Ϫ -uptake mechanisms. To distinguish between these possibilities, experiments were performed in the absence of HCO 3 Ϫ (Cl Ϫ alone). To minimize the contribution of endogenously generated HCO 3 Ϫ , these experiments were performed in the presence of the carbonic anhydrase inhibitor acetazolamide and solutions were gassed with 100% O 2 . Under these conditions, AE2 activity is eliminated (because of its dependence on HCO 3 Ϫ ) and anion secretion is largely dependent on serosal Cl Ϫ . As shown in Fig. 6 , removal of HCO 3 Ϫ (and CO 2 ) from the bathing solutions, leaving Cl Ϫ as the only CFTR-permeant anion, led to virtually identical I sc responses in AE2 Ϫ/Ϫ and WT proximal colons following stimulation with cAMP. Peak currents, plateau currents, and bumetanide-sensitive currents were similar in both genotypes, and there were no significant differences in the residual cAMP-stimulated I sc . Compared with the physiological Ringer solution results (see Fig. 3 , where the bumetanidesensitive component was 34.6 Ϯ 8.2% of the plateau current in WT and 65.9 Ϯ 2.0% in AE2-null), WT colon analyzed in solutions containing only Cl Ϫ exhibited increased sensitivity to bumetanide, with inhibition of the I sc similar to that in AE2 Ϫ/Ϫ colon (see Fig. 6 , where the bumetanide-sensitive component was 77.5 Ϯ 3.5% of the plateau current in WT and 81.9 Ϯ 10.3% in AE2-null). Ϫ/Ϫ colonic epithelium; control total brain homogenates showed robust expression of full-length AE3. C: immunoblot analysis of epithelial (EP) and muscle (M) layers from proximal colons of juvenile WT mice revealed that AE2 protein expression was largely restricted to the colonic epithelium (n ϭ 4). In contrast, AE3 protein expression was barely detectable in epithelial and muscle samples, even after relatively long exposure times. 
Loss of AE2 leads to a reduction in HCO 3
Ϫ -dependent anion secretion. The above experiments showed that secretory function was essentially the same in AE2 Ϫ/Ϫ and WT proximal colons when analyzed in Ringer solution containing only Cl Ϫ . In contrast, AE2 Ϫ/Ϫ proximal colon exhibited a marked reduction in cAMP-stimulated I sc when HCO 3 Ϫ was the only CFTRpermeant anion (Fig. 7, B and C) . Consistent with the apparent decrease in HCO 3 Ϫ secretory capacity in AE2 Ϫ/Ϫ proximal colon, application of SITS to the serosal bath decreased cAMPstimulated I sc in WT but had no effect on I sc in AE2 Ϫ/Ϫ colon. An impaired ability of AE2 Ϫ/Ϫ colon to secrete HCO 3 Ϫ under these conditions was further indicated by a significant decrease in the residual I sc in AE2 Ϫ/Ϫ colon analyzed in HCO 3 Ϫ -only Ringer solution (Fig. 7C) .
To further examine the apparent defect in HCO 3 Ϫ secretion, WT and AE2 Ϫ/Ϫ proximal colons in HCO 3 Ϫ -only Ringer solution were pretreated with acetazolamide ( Fig. 8) to inhibit the contribution of carbonic anhydrase activity to the cAMPinduced I sc . In WT colon, acetazolamide pretreatment caused a modest reduction in both maximal and residual cAMP-stimulated I sc when compared with tissues analyzed in the absence of acetazolamide (compare Figs. 7A and 8A) , and the SITSsensitive current increased from ϳ33% to ϳ50% of the plateau current. In contrast, pretreatment of AE2 Ϫ/Ϫ colon tissue with acetazolamide had little effect on cAMP-induced I sc and there was no response to SITS (compare Figs. 7B and 8B) .
Inhibition of NHE1 causes a switch to NKCC1-supported secretion. Previous studies are consistent with the hypothesis that coupling of AE2 and NHE1 at the basolateral membrane may contribute to anion secretion in epithelial tissues (17, 41) . Therefore, we tested whether the pharmacological properties of the cAMP-stimulated I sc response in physiological Ringer differed between WT and AE2 Ϫ/Ϫ proximal colon during inhibition of NHE1 with 1 M EIPA. Similar to findings in the absence of HCO 3 Ϫ (Cl Ϫ only, see Fig. 6 ), no significant differences in cAMP-induced I sc responses were observed between WT and AE2 Ϫ/Ϫ proximal colon (Fig. 9) . Importantly, there was no difference in the bumetanide-sensitive I sc between WT and AE2 Ϫ/Ϫ proximal colon during inhibition of NHE1, although AE2
Ϫ/Ϫ proximal colon exhibited a significant decrease in SITS-sensitive current (Fig. 9C) . These changes resulted from a greater inhibition of the I sc with bumetanide in the WT rather than a decrease in the response of AE2 Ϫ/Ϫ proximal colon (compare with results in Fig. 3 with physiological Ringer solution). Finally, during inhibition of NHE1, there was no significant difference in the residual I sc between WT and AE2 Ϫ/Ϫ proximal colons. Impaired HCO 3 Ϫ secretion is not due to reduced expression of HCO 3 Ϫ transporter or carbonic anhydrase mRNAs. On the basis of our findings of sharply reduced HCO 3 Ϫ -supported secretion in AE2-null proximal colons, we performed microarray analyses of colon RNA from AE2 Ϫ/Ϫ and WT mice to determine whether there was evidence of transcriptional remodeling of ion transport processes. We were particularly interested in whether the expression of Na ϩ /HCO 3 Ϫ cotransporters or other proteins that contribute to HCO 3 Ϫ secretion was altered. The data indicated that mRNA expression was not altered for any of the possible basolateral Na ϩ /HCO 3 Ϫ cotransporters represented on the microarray, although expression of AE2 (as expected), carbonic anhydrase 3, and several ion channels or transporters appeared to be significantly changed (Table 1) . Quantitative RT-PCR analysis of RNA from AE2 Ϫ/Ϫ and WT colons confirmed the increased expression of mRNA encoding the Trpv6 cation channel and reductions in expression of the Slc13a1 sodium-sulfate cotransporter, the Microarray analyses were performed to compare gene expression profiles in whole colon of wild-type and AE2 Ϫ/Ϫ mice (n ϭ 5 mice of each genotype; see MATERIALS AND METHODS). As shown, most of the genes associated with HCO 3 Ϫ secretion were unaffected in mice lacking AE2, although a few ion transporter genes were affected. Changes in other genes were also observed and are included in the complete data set submitted to GEO. Expression data are presented as fold changes, with negative values indicating downregulation in AE2 Ϫ/Ϫ samples. NS, nonsignificant.
Kcne3 potassium channel accessory subunit, and the Clca3 putative calcium activated Cl Ϫ channel (Table 2) . However, the sharp reduction in carbonic anhydrase 3 expression was not confirmed. The mean values for NBCe1 and NBCn1 Na ϩ / HCO 3 Ϫ cotransporter mRNA expression, measured by PCR analysis, were modestly reduced, but the differences were not statistically significant.
Since AE2 Ϫ/Ϫ colon exhibited a reduced capacity for HCO 3 Ϫ secretion and an apparent reduction/loss of acetazolamide sensitivity, decreased activity of carbonic anhydrases could contribute to the deficit in electrogenic HCO 3 Ϫ secretion. Thus we performed immunoblot analysis to assess protein expression of carbonic anhydrase 3 and carbonic anhydrase 2, which has been shown to interact with AE2 to form a transport metabolon (25, 46) . Consistent with the microarray and RT-PCR data, carbonic anhydrase 2 protein levels were not altered in AE2 Ϫ/Ϫ proximal colons (Fig. 10, A and C) . Furthermore, there were no changes in carbonic anhydrase 3 expression (Fig. 10, B and C) .
DISCUSSION
The objective of this study was to determine whether the basolateral AE2 Cl Ϫ /HCO 3 Ϫ exchanger is involved in normal anion secretion in the proximal colon. This issue has been difficult to address directly because specific inhibitors of AE2 are not available and stilbene disulfonate inhibitors that affect AE2 also inhibit other HCO 3 Ϫ transporters (43) . Use of the AE2-null mouse model circumvents pharmacological issues; however, because of diminishing health and early death of null mutants (23) , the studies were performed using preweaning (juvenile) mice (14 -17 days old). This provided a window of time in which the null mutant mice were quite active and the proximal colon exhibited normal histology. Analysis of anion currents in proximal colon, the site of highest AE2 expression in the intestinal tract (33, 36) , revealed robust cAMP-stimulated anion secretion in AE2 Ϫ/Ϫ tissue; however, the currents differed in several respects from those of WT controls.
A major finding was that genetic ablation of AE2, or the use of conditions that block AE2 activity, caused a shift to greater NKCC1-supported anion secretion. Relative to WT colon, the magnitude of cAMP-stimulated anion secretion in physiological Ringer solution was not diminished in the AE2 Ϫ/Ϫ proximal colon, indicating that it retains normal driving forces for anion secretion under conditions in which Cl Ϫ is present in the perfusion solutions. However, AE2 Ϫ/Ϫ tissue had a much greater bumetanide-sensitive I sc , which corresponds to NKCC1-supported Cl Ϫ secretion. Furthermore, the SITS-sensitive current, corresponding to both AE2-supported Cl Ϫ secretion (in WT) and NBC-supported HCO 3 Ϫ secretion, was significantly reduced. The finding of altered bumetanide-sensitive currents raised the possibility that NKCC1 expression was upregulated Real-time PCR analyses were performed (n ϭ 5 mice of each genotype; see MATERIALS AND METHODS) to confirm relative expression levels of carbonic anhydrase and ion transporter mRNAs identified by microarray analysis (Table 1) of colon RNA samples from wild-type (WT) and AE2 Ϫ/Ϫ (KO) mice. Note that the sharp downregulation of Car3 mRNA seen in microarray analyses was not confirmed here and that Car3 protein levels (Fig. 10) were unchanged. For each mRNA, expression levels were normalized to the expression of mRNA for the L32 ribosomal subunit, the level of expression in wild-type samples was set to 1.0, and expression levels for AE2
Ϫ/Ϫ mice were normalized to wild-type values. P Ͻ 0.05, by a Student's t-test, was considered significant. as an adaptive response to the loss of AE2; however, significant changes in NKCC1 mRNA (Table 1) and protein expression were not observed in AE2 Ϫ/Ϫ proximal colons. Rather, two observations showed that a switch to increased NKCC1-supported secretion can occur rapidly and does not require long-term adaptation. First, I sc measurements performed in solutions containing only Cl Ϫ as a CFTR-permeant anion revealed increased bumetanide-sensitive anion secretion in WT colon that was virtually identical to the response in AE2 Ϫ/Ϫ colon. In this experiment, the absence of CO 2 /HCO 3 Ϫ would prevent both AE2 activity and mechanisms of HCO 3 Ϫ secretion dependent either upon uptake of HCO 3 Ϫ from the serosal solution (NBC activities) or upon intracellular generation of HCO 3 Ϫ from CO 2 and H 2 O. Second, inhibition of NHE1 in physiological Ringer, which would inhibit the coupled activities of AE2 and NHE1, increased the magnitude of the bumetanide-sensitive I sc and reduced the SITS-sensitive I sc in WT proximal colon, a response very similar to that in AE2 Ϫ/Ϫ colon. The fact that EIPA inhibition did not appreciably alter anion secretion characteristics in the AE2 Ϫ/Ϫ proximal colon also suggests that NHE1 activity has little effect on cAMPstimulated anion secretion in the absence of AE2. Thus these studies suggest that NKCC1 activity can be rapidly increased in the WT proximal colon to compensate for a deficiency in anion secretion supported by the coupled activities of AE2 and NHE1.
The mechanism by which NKCC1 activity is increased in cAMP-stimulated AE2-null colon relative to WT colon is unclear but could involve acute changes in phosphorylation and/or surface expression of NKCC1, both of which are known to regulate NKCC1 activity in cultured secretory cells (14, 15) . It has been suggested that regulation of NKCC1 activity over time periods of seconds to minutes may be mediated by phosphorylation events and that regulation over longer time periods may occur via changes in surface expression (15) . Previous studies have shown that cAMP-stimulation of secretion by treatment with forskolin caused no changes in NKCC1 surface expression in human colonic crypts (42) but did increase phosphorylation of NKCC1 in shark rectal glands (19) . This suggests that changes in phosphorylation could be involved in the differential regulation of NKCC1 activity observed in the present study following stimulation with forskolin. It is likely that changes in intracellular ion concentrations also play a role, since loss of AE2-mediated Cl Ϫ uptake, particularly during stimulated secretion, would likely lead to a reduction in intracellular Cl Ϫ . Reduced Cl Ϫ would be expected to increase the ionic driving force for Na
Ϫ cotransport and has also been shown to activate NKCC1 via increased phosphorylation (28) .
Coupling of AE2 and NHE1 at the basolateral membrane has been previously proposed as a Cl Ϫ uptake mechanism that operates in parallel with NKCC1 in support of Cl Ϫ secretion. In Calu-3 cells, the coupling of AE2 and NHE1 activities was deduced from their presence on the basolateral membrane and sensitivity of the observed activities to transport inhibitors (12, 16, 35) . Parotid acinar cells have also been shown to utilize basolateral Cl Ϫ /HCO 3 Ϫ exchange and Na
Ϫ loading during stimulated secretion (48) . Salivary secretion rates were reduced in NKCC1-null mice; however, the acinar cells exhibited upregulation of Cl Ϫ /HCO 3 Ϫ exchange and AE2 mRNA expression (17) , suggesting that AE2 functions as an alternative Cl Ϫ uptake mechanism in that tissue. Salivary secretion rates were also reduced in NHE1-null mice (41) , consistent with the suggestion that the coupled activities of NHE1 and AE2 provide a mechanism for basolateral uptake of Cl Ϫ (and Na ϩ ) during stimulated secretion (17) . The results of the present study provide the first direct evidence that coupling of basolateral AE2 and NHE1 activities also contributes to anion secretion in juvenile murine proximal colon. It should be noted, however, that this activity is less than that of NKCC1, which is the predominant basolateral mechanism supporting anion secretion, and that a substantial residual current is supported by additional mechanisms that are insensitive to all of the inhibitors used in these experiments.
A major stimulus for compensation via increased NKCC1 activity in AE2-null colon may relate to the functions of NKCC1 and AE2 (coupled with NHE1) in the maintenance of cell volume. Both transport processes mediate regulatory volume increase (1, 31, 38) , which is likely initiated by reductions in cell volume during activation of CFTR (21, 49) . In the case of coupled Na ϩ /H ϩ and Cl Ϫ /HCO 3 Ϫ exchange, previous studies indicated that decreased cell volume activates Na ϩ /H ϩ exchange, leading to cellular alkalinization, which in turn activates AE2 (29, 31) . Inhibition of NHE1 would prevent cell shrinkage-induced cellular alkalinization and subsequent activation of AE2 for regulatory volume increase, thus leading to a greater reliance on NKCC1 activity to sustain cell volume and support anion secretion. Cell shrinkage, in addition to reduced intracellular Cl Ϫ concentrations discussed earlier, has been shown to stimulate basolateral NKCC1 activity via increased phosphorylation of the protein (28) .
Besides AE2, the only transporter we are aware of that might provide both Cl Ϫ -uptake and HCO 3 Ϫ -extrusion capabilities across basolateral membranes of colonic epithelium is the AE3 Cl Ϫ /HCO 3 Ϫ exchanger. AE3 is expressed at only low levels in rat intestine and colon (33) ; however, in human intestine and colon it was expressed at easily detected levels in basolateral membranes, with highest levels in colon (3). However, AE3 was not detected in protein samples prepared by using whole colon from wild-type or AE2 Ϫ/Ϫ mice. Further analysis using muscle and epithelial layers of wild-type colon and long exposure times during immunoblotting yielded only trace bands of the correct size, with higher levels in muscle, thus negating a major role for AE3 as an epithelial Cl Ϫ /HCO 3 Ϫ exchanger in mouse colon.
An unexpected finding was the reduction in the capacity of the isolated AE2 Ϫ/Ϫ proximal colon to utilize HCO 3 Ϫ in support of cAMP-stimulated anion secretion. In HCO 3 Ϫ -only Ringer, pharmacological inhibitor responses indicated a deficit in the contributions of both Na ϩ /HCO 3 Ϫ cotransport and carbonic anhydrase to cAMP-stimulated anion secretion in the AE2 Ϫ/Ϫ colon. Both SITS-sensitive and SITS-insensitive components of the cAMP-induced ⌬I sc were significantly reduced in AE2
Ϫ/Ϫ compared with WT colon (Fig. 7) , indicating reduced activities of two or more Na ϩ /HCO 3 Ϫ cotransporters. When treated with acetazolamide in HCO 3 Ϫ only Ringer solution ( Fig. 8) , the I sc response to cAMP stimulation in WT colon was reduced whereas the response by AE2 Ϫ/Ϫ proximal colon was unchanged, indicating a deficit in the ability of the AE2 Ϫ/Ϫ proximal colon to generate HCO 3 Ϫ via carbonic anhydrase activity. Thus processes responsible for HCO 3 Ϫ availability and support of cAMP-stimulated anion secretion are apparently reduced in the AE2 Ϫ/Ϫ colonic epithelium. The mechanistic basis for this observation is unclear. Microarray and quantitative PCR analyses, in combination with immunoblot analysis of carbonic anhydrase isoforms 2 and 3, provided no indication that loss of AE2 leads to changes in Na ϩ /HCO 3 Ϫ cotransporter or carbonic anhydrase expression that would be consistent with the observed deficits. However, in addition to serving as a Cl Ϫ uptake mechanism, AE2 is the only known transporter that can extrude significant amounts of HCO 3 Ϫ across the basolateral membrane of mouse colonic epithelium under normal conditions. The increased pH of luminal contents throughout the intestinal tract of AE2-null mice is consistent with a proposed role for AE2 in HCO 3 Ϫ reclamation in WT mice, with H ϩ extrusion via the apical NHE3 Na ϩ /H ϩ exchanger, subsequent reductions in luminal HCO 3 Ϫ , and extrusion of intracellular HCO 3 Ϫ via basolateral AE2. It is possible, therefore, that changes in cellular HCO 3 Ϫ content and intracellular pH in AE2-null colonocytes lead to reductions in both Na ϩ /HCO 3 Ϫ cotransporter-mediated HCO 3 Ϫ uptake and generation of HCO 3 Ϫ via carbonic anhydrase activity. An additional possibility, which is not mutually exclusive, is that the HCO 3 Ϫ :Na ϩ stoichiometry of NBCe1 switches from 2:1 to 3:1, which would allow it to mediate HCO 3 Ϫ efflux, as occurs in the renal proximal tubule, rather than HCO 3 Ϫ uptake. It has been shown that the difference in stoichiometry is dependent on the phosphorylation status of a Ser residue near the carboxy terminus, leading to the suggestion that it may provide a mechanism for regulating the direction of HCO 3 Ϫ flux through NBCe1 (26) . Although a change in the ion stoichiometry of NBCe1 in the AE2-null proximal colon could explain the apparent loss of Na ϩ /HCO 3 Ϫ cotransport activity in support of secretion, such a switch has not been reported previously.
In summary, these studies show that the loss of AE2 leads to a significant increase in the bumetanide-sensitive component of cAMP-induced anion secretion and a reduction in the SITSsensitive component, with a similar shift occurring in WT proximal colon in response to inhibition of NHE1. These observations support a model for basolateral uptake of Cl Ϫ during cAMP-stimulated anion secretion in which a major component consists of NKCC1-mediated Na ϩ -K ϩ -2Cl Ϫ cotransport and a lesser component consists of the coupled activities of AE2 and NHE1, with the accompanying Na ϩ contributing to maintenance of the membrane potential. Additional transport mechanisms mediating HCO 3 Ϫ uptake, likely consisting of both SITS-sensitive and SITS-insensitive Na ϩ / HCO 3 Ϫ cotransporter activities, are also involved.
